T cell activation by antigens binding to the T cell receptor (TCR) must be properly regulated to ensure normal T cell development and effective immune responses to pathogens and transformed cells while avoiding autoimmunity. The Src family kinase Lck and the Syk family kinase ZAP-70 (z chain-associated protein kinase of 70 kD) are sequentially activated in response to TCR engagement and serve as critical components of the TCR signaling machinery that leads to T cell activation. We performed a mass spectrometrybased phosphoproteomic study comparing the quantitative differences in the temporal dynamics of phosphorylation in stimulated and unstimulated T cells with or without inhibition of ZAP-70 catalytic activity. The data indicated that the kinase activity of ZAP-70 stimulates negative feedback pathways that target Lck and thereby modulate the phosphorylation patterns of the immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3 and z chain components of the TCR and of signaling molecules downstream of Lck, including ZAP-70. We developed a computational model that provides a mechanistic explanation for the experimental findings on ITAM phosphorylation in wild-type cells, ZAP-70-deficient cells, and cells with inhibited ZAP-70 catalytic activity. This model incorporated negative feedback regulation of Lck activity by the kinase activity of ZAP-70 and predicted the order in which tyrosines in the ITAMs of TCR z chains must be phosphorylated to be consistent with the experimental data.
INTRODUCTION
T lymphocytes are a powerful component of our immune defense against microbes and tumor cells; however, if not properly regulated, they can cause severe harm through inflammatory tissue damage during infections and autoimmune reactions. Therefore, precise control mechanisms need to be in place to govern T cell activation. Both T cell development and immune surveillance require the T cell to distinguish and respond appropriately to distinct signals resulting from interactions of the T cell antigen receptor (TCR) with different peptides bound to major histocompatibility complex (MHC) proteins. Antigen recognition by the TCR is interpreted through intracellular signaling events, including phosphorylation of signaling proteins that subsequently determine the proper response. The TCR subunits (the TCRa and b chains, as well as the CD3 ge and de chains and zz subunits) all lack intrinsic kinase activity. Downstream signal transduction relies on the recruitment and activation of protein tyrosine kinases to the CD3 and z chains (1, 2) .
Signaling is initiated by the Src family kinase Lck, which phosphorylates the two tyrosine residues (Y) in the conserved amino acid sequence D/ExYxxLx(6-8)YxxL, which represents the immunoreceptor tyrosinebased activation motifs (ITAMs) of the TCR CD3 and z chains. There are three ITAMs in each z chain and one in each of the CD3 chains; hence, the TCR complex contains 10 ITAMs. Doubly phosphorylated ITAMs provide docking sites for the tandem Src homology 2 (SH2) domains of the Syk family kinase ZAP-70 (z chain-associated protein kinase of 70 kD). Activated ZAP-70 propagates the signal further downstream, mainly by phosphorylation of the adaptor proteins linker of activated T cells (LAT) and SLP-76 (SH2 domain-containing leukocyte phosphoprotein of 76 kD), which nucleate signaling effector molecules (1) (2) (3) .
Lck activity is regulated by its phosphorylation, which mediates conformational changes in Lck as well as its localization (2, 4) . Phosphorylation of tyrosine 505 (Tyr 505 ) in Lck by the cytoplasmic tyrosine kinase Csk (C-terminal Src kinase) stabilizes an autoinhibitory conformation that engages the Lck SH2 domain with Tyr 505 and the SH3 domain with intramolecular proline residues (4, 5) . Dephosphorylation of Tyr 505 is mediated by the receptor-like protein tyrosine phosphatase CD45 (PTPRC). A dynamic steady state regulates the phosphorylation status of this site. The catalytic activity of Lck is promoted by trans-autophosphorylation of the conserved Tyr 394 on the activation loop of the kinase domain (2, 4, 6) .
Additional phosphorylation sites contribute to the regulation of Lck, and reports suggest that Lck is present in multiple activation states, even in resting T cells, and that its activity is not changed substantially upon TCR stimulation (2, 4, (7) (8) (9) (10) (11) (12) . Activation of ZAP-70 represents a second critical checkpoint in T cell signaling, and several mechanisms operate to ensure tight regulation of this kinase. The current model for the regulation of ZAP-70 includes conformational changes between autoinhibited and activated states. Binding to the doubly phosphorylated ITAMs is believed to initiate the first step in releasing autoinhibition because this step requires repositioning of the SH2 domains in a way that enables their binding to ITAMs but is incompatible with the fully autoinhibited conformation of ZAP-70. The binding event also localizes ZAP-70 at the plasma membrane, where Lck can further promote the active conformation of ZAP-70 by phosphorylation of ZAP-70 Tyr 315 and Tyr
319
. Binding of Lck, through its SH2 domain, to the phosphorylated Tyr 319 (pTyr 319 ) of ZAP-70 in turn promotes the activated state of Lck and further facilitates the activation of ZAP-70 through phosphorylation of ZAP-70 on Tyr 493 in the activation loop (13) (14) (15) (16) .
Both positive and negative feedback mechanisms control TCR signaling and the activities of receptor-proximal tyrosine kinases. Tyrosine phosphatases, such as SH2 domain-containing protein tyrosine phosphatase 1 (SHP-1) and protein tyrosine phosphatase, nonreceptor type 22 (PTPN22), reduce the activities of Lck and ZAP-70, thereby dampening or terminating downstream signaling (2, (17) (18) (19) . Other negative regulators include the Csk-interacting adaptor proteins phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG) and Lck interacting transmembrane adaptor 1 (LIME), the E3 ubiquitin ligases c-Cbl and Cbl-b, and docking protein 1 (Dok1) and Dok2, which interact with Csk and Ras guanosine triphosphatase-activating protein (RasGAP) (20) (21) (22) (23) . Spatial arrangement of signaling molecules at the T cell immunological synapse (the interface between a T cell and an antigen-presenting cell) also regulates TCR signaling (24) (25) (26) (27) (28) ; however, the details of these mechanisms and the pathways that connect the different regulatory proteins after TCR ligation still need to be further characterized. In addition, studies support an emerging picture of the basal signaling status in resting T cells as one of a dynamic steady state rather than a silent, fixed state (7, 8, (29) (30) (31) . In this way, T cells may be poised to very rapidly mount an appropriate response to a stimulus and be able to adjust this resting state according to changes in their surroundings. To prevent T cell activation in the absence of interactions between nonself agonists and the TCR, the ongoing basal signaling should require negative control mechanisms to operate in resting T cells. Studies of TCR signaling regulators such as Csk support this notion, and perturbations of this balance could be involved in the development of autoimmune diseases and immunodeficiencies (9, 30, 32) .
The critical role of ZAP-70 in proper T cell development and T cell function in the periphery is well documented (33) . Potential negative regulation in the T cell signaling network could involve ZAP-70-mediated control. To characterize potential signaling feedback mechanisms dependent on the catalytic activity of ZAP-70, we used stable isotope labeling by amino acids in cell culture (SILAC) and mass spectrometry-based quantitative phosphoproteomics in combination with rapid inhibition of the catalytic function of ZAP-70. Our results suggest the presence of ZAP-70 kinase-dependent feedback that inhibits both basal signaling and agonist-induced TCR-proximal signaling, targeting ZAP-70 itself as well as the activity of Src family kinases. The data suggest that changes in the phosphorylation of ITAMs in the TCR z chains after inhibition of an analog-sensitive mutant of ZAP-70 (ZAP-70 AS ) differ from previous data obtained from similar methods with ZAP-70 null T cells (34) . To investigate how a single signaling network can account for this set of observations, we constructed computational models. Our findings suggest that a single signaling module consistent with both sets of data should include ZAP-70-dependent inhibition of Lck activity and one of three possible orders in which the N-and C-terminal tyrosines in the ITAMs are phosphorylated. Future experiments that might discriminate between these possibilities are suggested.
RESULTS
SILAC-based quantitative phosphoproteomic analysis reveals TCR signaling events that depend on the kinase activity of ZAP-70
Our understanding of the mechanisms responsible for feedback and regulation in the TCR signaling network is far from complete. Because ZAP-70 has a key function in TCR signaling, both for the initiation and maintenance of the signal, we hypothesized that its activity might also be needed to properly orchestrate potential feedback mechanisms that regulate signal strength. There is, to date, no selective inhibitor available for the specific targeting of ZAP-70 catalytic activity. Therefore, to reveal feedback pathways dependent on the kinase activity of ZAP-70, we used a genetically selective system in which a bulky analog of the general kinase inhibitor protein phosphatase 1 (PP1) inhibits a mutant of ZAP-70. In this mutant, the gatekeeper Met residue (Met 414 ) is mutated to Ala to create more space in the catalytic site to accommodate a bulky inhibitor. This renders the mutated ZAP-70 susceptible to the bulky analog of PP1, which enables cells that express the wild-type kinase to serve as a control for any off-target effects of the inhibitor. ZAP -70 AS has been introduced in the human Jurkat T cell leukemia cell line p116 (which lacks endogenous ZAP-70) as previously described by Levin et al. (35) . Here, we used a more potent and selective inhibitor, HXJ-42, that we have described and used in studies of thymic development and CD4 + T cell proliferative thresholds in mice expressing the mouse PP1 analog-sensitive mutant of ZAP-70 (36, 37) . This system enables the selective inhibition of ZAP-70 kinase activity and efficiently blocks downstream TCR signaling events, such as phosphorylation of the ZAP-70-specific substrates LAT and SLP-76, as well as phosphorylation of downstream signaling molecules, including phospholipase C-g1 (PLC-g1) and extracellular signal-regulated kinase (ERK). Our system further enables us to target the catalytic activity of ZAP-70 without compromising its function as an adaptor protein (38) .
Clues to feedback mechanisms can be obtained by studying fluctuations in intracellular phosphorylation events after the perturbation of signaling pathways. Quantitative mass spectrometry-based technology, such as SILAC, is a powerful tool for studies of large-scale phosphorylation dynamics, and studies have successfully applied this to T cells (34, (39) (40) (41) . By combining this approach with the ZAP-70 AS system, we performed a wide-scale analysis of temporal changes in phosphorylation patterns induced by rapid inhibition of ZAP-70 catalytic activity during basal signaling, as well as after robust TCR stimulation. SILAC-labeled, ZAP-70
AS -expressing p116 Jurkat cells were treated with the PP1 analog HXJ-42 (36) or dimethyl sulfoxide (DMSO) just before TCR stimulation, and samples were collected at time zero and at three different time points after TCR stimulation (2, 5, and 10 min), with five biological replicates for each condition and time point ( Fig. 1 and see Materials and Methods).
We detected, over the time points measured, 905 unique phosphosites on 608 proteins that were quantified by selected ion chromatogram (SIC) peak area integration and statistically analyzed with multiple hypothesis correction (table S1 and S2). We selected some of these peptides (Table 1 ) on the basis of proteins known to be involved in TCR signaling. We also calculated the fold change and Q values for these peptides (table  S3) . A Q value is defined as the measure of the minimum false discovery rate at which a test can be called significant (42) (43) (44) . For each time point, Q values for multiple hypothesis tests were calculated on the basis of the determined P values with the R package QVALUE, as previously described (42) (43) (44) . Label-free data for the control samples in the absence of the inhibitor through a time course of TCR stimulation showed the expected pattern of phosphorylation events associated with TCR signaling. Reproducibility of the SILAC analysis among the replicates was confirmed by evaluating the correlation of log 2 -transformed SILAC ratios between each biological replicate in scatter plots (figs. S1 and S2). For each sequenced peptide, quantitative data are represented visually either as a label-free heatmap reflecting changes in abundance over time for each condition in the absence of inhibitor or as a SILAC ratio heatmap reflecting the SILAC ratio for inhibitor-treated ZAP-70
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-expressing cells over the uninhibited control cells.
As expected, inhibition of the catalytic activity of ZAP-70 AS resulted in the reduced abundance of downstream phosphorylation events, including a substantial decrease in the phosphorylation of Itk, Vav1, and ERK1/2 ( Fig. 2A) . However, TCR-induced phosphorylation patterns on receptorproximal signaling molecules, such as the CD3 chains, the TCR z chain, and the kinases Lck and ZAP-70 AS , were also altered compared to those of controls (Fig. 2 , B and C, and Table 1 ). In addition, we detected increases and decreases in the abundances of phosphosites of certain signaling molecules in inhibitor-treated cells even before the TCR was stimulated. In particular, statistically significant fold changes (7-to 23-fold) in abundance (Fig. 2C) . We validated the specificity and at least the trend of the changes of some of the phosphosites in both the TCRstimulated and basal states by performing Western blotting analysis of cell lysates with commercially available phosphospecific antibodies ( fig. S3 ). These results suggest that the catalytic activity of ZAP-70 plays a role in controlling the basal phosphorylation state of some proteins even in the absence of TCR stimulation. Furthermore, those proteins whose phosphorylation was most substantially changed in the basal state are all implicated in the canonical TCR-stimulated signaling pathway, which suggests that low-level or adapted signaling takes place even without TCR stimulation.
The kinase activity of ZAP-70 affects the phosphorylation of specific regulatory sites on ZAP-70
The Syk family tyrosine kinases Syk and ZAP-70 exhibit a distinct structural organization (15, 16, 45) . N-terminal tandem SH2 domains are connected to the C-terminal kinase domain by a flexible linker. Docking of ZAP-70 to doubly phosphorylated ITAMs involves conformational changes in interdomain A, a segment between the SH2 domains, which facilitates the interactions between interdomain A and the C-lobe of the catalytic domain that contribute to stabilizing the autoinhibitory conformation of the kinase. Release of these interactions promotes the exposure of Tyr 315 and Tyr 319 in the linker domain, and the phosphorylation of these residues by Lck further prevents ZAP-70 from returning to the inhibitory conformation (16) . Moreover, pTyr 319 serves as a binding site for the SH2 domain of Lck (16, (46) (47) (48) , concentrating activated Lck at the ITAM-bound ZAP-70. These are important regulatory sites that control ZAP-70 function. Transient increases in phosphopeptide abundance for these sites were observed after the inhibition of ZAP-70 kinase activity (Table 1) .
In addition, we found a statistically significant increase in the phosphorylation of two tyrosine residues on the kinase domain activation loop of ZAP-70, Tyr 492 and Tyr
493
, after 2 min of TCR stimulation, and this difference remained for 10 min after stimulation (Table 1 and catalytic activity of ZAP-70. This site has been described as a substrate for Lck, but it can also serve as a target for ZAP-70 autophosphorylation (15) . Although Tyr 492 is also positioned in the activation loop of the kinase domain, its phosphorylation inhibits the catalytic function of ZAP-70 (11, 15, 49) . Because inhibition of ZAP-70 activity led to the increased phosphorylation of Tyr 493 , our results could reflect the action of a negative feedback mechanism that regulates this site and dampens the activation of ZAP-70. In addition, the data demonstrate that the catalytic activity of ZAP-70 is not an absolute requirement for phosphorylation of Tyr 493 in cells. Increased Lck activity or increased recruitment of Lck to ZAP-70, which is reflective of the increased phosphorylation of Lck-Tyr 394 , could account for this phosphorylation.
Several studies suggest that the phosphorylation of ZAP-70 on Tyr 292 inhibits TCR signaling, possibly through recruitment of the E3 ubiquitin ligase c-Cbl, which dampens TCR activation (50) (51) (52) (53) (54) . Inhibition of ZAP-70 kinase activity in our experiments resulted in a marked decrease in the abundance of peptides phosphorylated at this site, with a statistically significant eightfold decrease at 2 to 10 min after TCR stimulation (Table 1 and Fig. 3 ). This suggests that an early, possibly direct, ZAP-70 kinase-dependent negative regulatory feedback loop dampens ZAP-70 activity by phosphorylating Tyr 292 after TCR stimulation. Some other previously detected, but less characterized, sites of phosphorylation, such as Tyr 164 and Tyr
248
, showed no differences in phosphorylation, whereas the phosphorylation sites Tyr 597 and Tyr
598
, which are associated with the full activation of ZAP-70, showed a statistically significant decrease in phosphorylation in response to ZAP-70 inhibition (Table 1) .
Together, the changes in the phosphorylation of ZAP-70 that were observed in response to kinase inhibition suggest differential feedback control of phosphorylation sites on ZAP-70. The kinase activity of ZAP-70 may thus be under the control of feedback mechanisms that control the balance of the phosphorylation of ZAP-70 on sites that could influence activity and subsequent T cell activation. The changes in the phosphorylation of ZAP-70 detected after inhibition of ZAP-70 catalytic activity were mainly seen after TCR engagement and were less evident before TCR stimulation, suggesting that the feedback mechanisms responsible for the regulation of ZAP-70 activity are in place to balance the strength and duration of TCR signaling rather than setting its basal state of activity in resting T cells.
The function of Lck is negatively regulated by ZAP-70 catalytic activity
In resting T cells, a large proportion (~40%) of the kinase Lck exhibits constitutive activation as evidenced by a subset of these Lck molecules that display phosphorylation on Tyr 394 , the activation loop tyrosine, and a substantial proportion of molecules that are phosphorylated both on the negative regulatory site Tyr 505 and on Tyr 394 (7) . Additional studies support a model whereby ongoing basal signaling tunes the threshold for TCR activation partly through CD45-and Csk-mediated regulation of Lck (4, 8, 9, 30, 55) . Our studies enabled us to investigate whether ZAP-70 takes part in the regulation of Lck activity, both in the basal state and after TCR stimulation. As described earlier, we saw a substantial decrease in the phosphorylation of Tyr 192 in the SH2 domain of Lck after the inhibition of ZAP-70 kinase activity in cells that were not stimulated through the TCR (Fig.  2C) . The function of this phosphorylation site is not clear, but it has been implicated in the regulation of Lck (56) (57) (58) . Inhibition of ZAP-70 kinase activity also resulted in a statistically significant increase in the phosphorylation of Tyr 394 on Lck. Dephosphorylation of Lck-Tyr 394 is dependent, in part, on the phosphatases PTPN22 and SHP-1, whose activities in turn may be dampened by inhibition of the kinase activity of ZAP-70 (2, (17) (18) (19) . Indeed, we saw a substantial decrease in the abundance of the phosphopeptide for SHP-1 Tyr
564
. Although not as important as pTyr 536 for SHP-1 activity, pTyr 564 increases the phosphatase activity of SHP-1 (17) . In the case of Lck-Tyr 505 , the peptide that contains this site was identified in this experiment, but it could not be quantified because the tryptic peptide did not contain any arginine or lysine amino acids because it was at the C terminus of the protein.
The SILAC ratios in our experiments also revealed the increased phosphorylation of Lck substrates, such as the TCR ITAMs. The TCR z chains contain three ITAMs. The first one includes Tyr 72 . We observed a 1.3-fold increase in the phosphorylation of each of the ITAM tyrosine residues in response to inhibition of ZAP-70 after TCR stimulation ( Fig. 2B and table S1 ). These data provide further evidence that the activity of Lck was increased as a result of inhibition of the catalytic activity of ZAP-70. Similar to the increased phosphorylation of the activation loop of Lck, the increased phosphorylation of the ITAMs was sustained for up to 10 min after TCR stimulation. Additional Lck targets, such as the tyrosine kinase Pyk2, also showed a statistically significant increase (up to 36-fold) in phosphopeptide abundance, both in the basal state and after TCR stimulation (Table 1 and Fig. 3) . From these findings, we conclude that the kinase activity of ZAP-70 stimulates a negative feedback loop that inhibits Lck activity and could possibly alter the threshold to subsequent signaling in response to stimuli.
A previous study by one of our groups showed that, in the absence of the ZAP-70 protein (that is, in Jurkat p116 cells), phosphorylation of the N-terminal tyrosine residues of each ITAM in the z chain is decreased, whereas phosphorylation of the C-terminal tyrosine residues in each ITAM is increased (34) . Although the concordant results for the C-terminal tyrosine residues support the idea of a ZAP-70-dependent negative feedback loop that targets the ITAMs, the previous results for the N-terminal tyrosines are discordant with the results obtained with ZAP-70 inhibition in this study. This discrepancy could reflect the absence of the effects of the ZAP-70 tandem SH2 domain in protecting the doubly phosphorylated ITAMs from phosphatases, or it could arise from the order in which the ITAMs are phosphorylated (59) (60) (61) (62) (63) .
A computational model suggests a single mechanistic explanation for the data from experiments with ZAP-70 null cells and those from experiments in which ZAP-70 kinase activity was inhibited Understanding the possible mechanistic origins of the discrepancy between observations made with the ZAP-70
AS system and the ZAP-70 null cells may shed light on how ZAP-70 regulates the earliest events in TCR signaling. To this end, we constructed a number of different computational models and analyzed them to determine whether they could describe our experimental data (see Materials and Methods for computational details). Dissection of these models and associated experiments led us to the model that we propose.
ZAP-70-mediated negative feedback regulation is necessary for concordance with experimental observations
Our computational model of the regulation of TCR signaling by ZAP-70 was based on experimental knowledge gained from previous studies (14-16, 33, 64) and on the results of SILAC experiments with the ZAP-70
AS system and the ZAP-70 null cells. Our model is concerned with inducible signaling. The signal strength is represented by the number of activated Lck molecules at the start of the simulations. Active Lck sequentially phosphorylates each tyrosine residue of the z-chain ITAMs, first generating singly phosphorylated ITAMs, which are then converted to doubly phosphorylated motifs (Fig. 4A ). In our model, we treat the three ITAM motifs as one because although the contribution of multiple ITAMs will quantitatively amplify signaling (62), it is not expected to lead to any qualitative changes. Phosphatases (denoted as "P" in Fig. 4A ) dephosphorylate ITAMs to their singly phosphorylated and unphosphorylated states. Next, ZAP-70 is recruited from the cytoplasm to the plasma membrane, and its tandem SH2 domains strongly bind to the doubly phosphorylated z-chain ITAMs (Fig. 4B) (65, 66) . The binding of ZAP-70 protects the doubly phosphorylated ITAMs from dephosphorylation by phosphatases. Additionally, ZAP-70 can weakly bind head-to-tail with its SH2 domains to singly phosphorylated sites of the N-and C-terminal phosphotyrosines of each z-chain ITAM (66) ; that is, the C-terminal SH2 domain of ZAP-70 weakly binds to the N-terminal tyrosine residue of ITAMs (Fig. 4B ) and vice versa (33, 67, 68) .
Once ZAP-70 is bound to the doubly phosphorylated z-chain ITAMs, active Lck phosphorylates tyrosine residues Tyr 315 and Tyr 319 in the SH2-kinase linker domain of ZAP-70 to generate a conformationally open ZAP-70. The subsequent phosphorylation of Tyr 493 in the catalytic domain of ZAP-70 promotes its full activation (Fig. 4C) . ZAP-70 can be dephosphorylated by phosphatases (denoted by "P z " in AS SILAC experiments suggested a possible ZAP-70 kinase activity-dependent negative feedback loop that could regulate the phosphorylation of z-chain ITAMs. Thus, we included ZAP-70-mediated negative feedback regulation into the models for all of the cell types, except for the ZAP-70 null cells (Fig. 4C) (Fig. 4C) . The model would perform identically if any other ZAP-70-mediated negative feedback loop affected Lck. The ZAP-70-mediated negative feedback regulation competes with the protective effect of ZAP-70 on ITAM phosphorylation.
The calculated ZAP-70 null/ZAP-70 reconstituted SILAC ratio (that is, the ratio of the relative abundance of a detected phosphopeptide in ZAP-70 null cells to that in the cells reconstituted with ZAP-70) decreased at early times and increased at later time points for the N-and C-terminal z-chain ITAMs (Fig. 5A , "ZAP-70 NF"), which is consistent with the trend suggested by experimental results for the C-terminal, but not the N-terminal, tyrosines in the ITAMs. The ZAP-70 null/ZAP-70 reconstituted SILAC ratio decreased at early times because the negative feedback loop is downstream of the binding of ZAP-70 to the ITAMs; thus, at early times, the protective function of ZAP-70 is dominant, whereas at later times, this situation reverses because, in our model, the protective function of ZAP-70 on ITAM phosphorylation (because of its binding) is weaker than the negative feedback loop that ZAP-70 mediates. If parameters were chosen to reverse this, the SILAC ratio would decrease at all times (Fig. 5A , "ZAP-70 bind") for both the N-and C-terminal tyrosines. The results of our calculations with this model showed that the ZAP-70 AS + inhibitor/ZAP-70 AS SILAC ratio increased for the N-and C-terminal tyrosines of z-chain ITAMs over time (Fig. 5B , "ZAP-70 NF"), which was consistent with the experimental data. This is a direct result of the inhibition of upstream events by ZAP-70 introduced into the model, without which this SILAC ratio would decrease because the protective function of ZAP-70 would dominate (Fig. 5B , "ZAP-70 bind"). Comparison between the experimental observations and this model suggests that substantial ZAP-70 kinase activitymediated inhibition is necessary and sufficient to describe most of the data, but this model fails to capture the asymmetry between the behavior of the N-and C-terminal ITAM tyrosines for the ZAP-70 null/ZAP-70 reconstituted SILAC ratio that is suggested by the experimental data.
Models that describe the asymmetry in ITAM phosphorylation make predictions for experimental tests
Studies of T and B cells report that Src family kinases may initially phosphorylate the N-terminal tyrosines and then phosphorylate the C-terminal tyrosines of each ITAM (61, 69) . We added to the model described earlier the possibility that Lck affects fast initial phosphorylation of the N-terminal tyrosines (compared to the C-terminal ones) in each z-chain ITAM. This is followed by the binding of Lck to the phosphorylated tyrosine and then the phosphorylation of the adjacent tyrosine by Lck (Fig. 6A) . Once a doubly phosphorylated ITAM is produced, the binding of ZAP-70 to it is strongly preferred compared to the binding of Lck.
The results of our calculations with this model showed that the ZAP-70 null/ZAP-70 reconstituted SILAC ratio decreased at early times and ultimately approached unity for the N-terminal tyrosine residues. This ratio decreased at early times and increased for the C-terminal tyrosine residues in each ITAM (Fig. 5A , "ITAM and Lck"). The binding of ZAP-70 to phosphorylated ITAMs prevents the action of phosphatases. The decrease in the ratio at the early time points was a result of the loss of the protective function of ZAP-70 on ITAM phosphorylation. At later times, the absence of the negative feedback loop in ZAP-70 null cells was dominant for the C-terminal ITAM tyrosines; however, for the N-terminal tyrosines, in the absence of ZAP-70, Lck could still bind to this phosphorylated tyrosine and protect it from dephosphorylation. Thus, the absence of the negative feedback loop was compensated for by the fast rate of phosphorylation of the N-terminal tyrosine and the binding of Lck to it. This made the SILAC ratio approach unity. The results of this model are consistent with experimental data for the ZAP-70 AS + inhibitor/ZAP-70 AS SILAC ratio because it increased for N-and C-terminal tyrosines in z-chain ITAMs over time (Fig.  5B , "ITAM and Lck").
These calculated results require that the Lck SH2 domain bind to the singly phosphorylated ITAMs with high affinity, which is comparable to the binding affinity of ZAP-70 for the doubly phosphorylated ITAMs, which was possibly facilitated by the plasma membrane environment (see the Supplementary Materials). Once bound, Lck would rapidly phosphorylate neighboring tyrosine residues in each ITAM with faster kinetics than that of the initial ITAM phosphorylation events. This is because strongly bound Lck has a higher effective concentration for the phosphorylation of neighboring tyrosines (see the Supplementary Materials). The fast second phosphorylation is necessary to efficiently create doubly phosphorylated ITAMs that can bind to ZAP-70 to activate the negative feedback loop, thus promoting negative feedback regulation. The fast phosphorylation of the Nterminal tyrosine and the binding of Lck to it would mediate the protective function for this tyrosine that was noted earlier.
To test whether Lck bound strongly to singly phosphorylated ITAM tyrosines, we performed experiments to measure these quantities in solution (see the Supplementary Materials). Consistent with past experiments (66), we found that the binding affinity of the Lck SH2 domain for singly phosphorylated N-and C-terminal ITAMs was in the micromolar range ( fig. S4 and table S4) . To obtain good correlation with the SILAC data, however, we required a higher binding affinity in the model. This iteration between the SILAC data, computational modeling, and experiments led us to abandon this model and search for alternative explanations involving Lck.
Extensive parameter sensitivity studies suggested that a few scenarios pertaining to the Lck-mediated phosphorylation of N-and C-terminal ITAM tyrosines could explain the asymmetry in phosphorylation suggested by the SILAC data on ZAP-70 null and reconstituted cells. The four steps of ITAM phosphorylation are characterized by reaction rate constants: k 1 , k 2 , k 3 , and k 4 (Fig. 6B) . We found that three combinations of the relative values of these rate constants were consistent with the experimental data. (i) k 2 > k 1 = k 3 = k 4 : the C-terminal tyrosine is singly phosphorylated much faster than are all of the other tyrosine residues. (ii) k 2 = k 3 > k 1 = k 4 : phosphorylation of the C-terminal tyrosine is faster than that of the N-terminal tyrosine, regardless of whether singly or doubly phosphorylated ITAMs are produced. (iii) k 1 = k 3 > k 2 = k 4 : phosphorylaton of the first tyrosine is faster than that of the N-terminal tyrosine, which is followed by rapid phosphorylation of the C-terminal residue without the need for Lck to be bound to the phosphorylated N-terminal tyrosine of the ITAM.
For each of these situations, we found that the ZAP-70 null/ZAP-70 reconstituted SILAC ratio for the N-terminal tyrosine approached unity at later times, whereas that for the C-terminal tyrosine increased (Fig. 5 , "ITAMs"). In the first two cases, this is because the number of ITAMs with singly phosphorylated C-terminal tyrosines exceeded the number of ITAMs with singly phosphorylated N-terminal tyrosines. The ZAP-70-mediated negative feedback loop acted on both singly and doubly phosphorylated ITAMs, but the protective effect of ZAP-70 on phosphorylated states acted only on doubly phosphorylated ITAMs. Because there were more singly phosphorylated C-terminal tyrosines, the absence of ZAP-70-mediated negative feedback resulted in an increase in the phosphorylation of C-terminal tyrosines. For the N-terminal tyrosines, negative feedback and the protective effect of ZAP-70 were approximately equivalent. In the third scenario, because k 1 and k 3 are both large (compared to the rates of action of phosphatases), the number of ITAMs with singly phosphorylated N-terminal tyrosines was determined by a balance between the production of singly phosphorylated ITAMs and their subsequent double phosphorylation. The concentration of active Lck appeared in precisely the same functional form in the rates of occurrence of both of these steps. ZAP-70-mediated negative feedback reduced the concentration of active Lck; however, because the concentration of active Lck appears in the expression for the rates of single phosphorylation and subsequent double phosphorylation in exactly the same way, the number of singly phosphorylated N-terminal tyrosines does not substantially change much upon removal of ZAP-70.
Our systematic dissection of various models led to the following mechanistic picture that yields results consistent with the two independent sets of SILAC experiments. The model includes ZAP-70-mediated negative feedback regulation of Lck activity and three different possibilities for the relative rates of phosphorylation of the N-and C-terminal ITAM tyrosines by Lck. We must note that although our model focused on Lck, we cannot exclude the possibility that other proteins with SH2 domains (or phosphotyrosine-binding domains) or phosphatases have preference for the N-terminal versus the C-terminal tyrosines and could account for the observed asymmetry of ITAM phosphorylation.
DISCUSSION
Our understanding of what determines TCR signaling threshold and strength is still limited, and the regulatory mechanisms of proximal TCR signaling in resting T cells, as well as after TCR engagement, need to be further characterized. By undertaking both quantitative mass spectrometry experiments and computational modeling, we have studied the role of ZAP-70 in the regulation of initial TCR signaling events. On the basis of our results, we suggest that the catalytic activity of ZAP-70, in addition to its vital role for downstream TCR signaling that leads to cellular responses, also promotes negative feedback mechanisms that target Lck and its substrates, as well as ZAP-70 itself. Our studies reveal a role for ZAP-70-dependent negative feedback in the regulation of the basal state, as well as after TCR stimulation. The activity of ZAP-70 orchestrates signaling downstream of the TCR, including phosphorylation of the adaptor proteins LAT and SLP-76 and the assembly of intracellular signaling complexes. Deficiency of either SLP-76 or LAT results in phosphorylation changes that, in part, resemble those that we detected after inhibition of ZAP-70 catalytic activity, resulting in increased phosphorylation of upstream signaling molecules, such as Lck (Tyr 394 ), and of some of the TCR ITAM tyrosines at early time points after TCR ligation (39, 40) . In addition, Jurkat T cells lacking SLP-76 or LAT exhibit increased phosphorylation of the activating site Tyr 493 of ZAP-70, which is potentially a result of the increased activity of Lck or ZAP-70. One possible interpretation of these findings is that the ZAP-70-dependent negative regulatory effects observed in our study may be the result of an indirect mechanism that requires the presence of LAT and SLP-76, as well as further downstream players, such as the phosphatases SHP-1 or CD45, to target Lck, its substrates, or both. This does not necessarily exclude a direct ZAP-70-mediated effect on Lck, such as its phosphorylation of Lck. Indeed, both our modeling data and mass spectrometry data suggest such a mechanism. TCR ligation leads to alterations in the phosphorylation of Lck, including phosphorylation of Tyr 192 at the end of the b strand E in the SH2 domain of Lck, which can be mediated by Syk family kinases. Phosphorylation of this site prevents the binding of the Lck SH2 domain to Lck substrates and correlates with reduced signaling downstream of the TCR (56) (57) (58) , thus representing a plausible mechanism for ZAP-70-mediated negative feedback on Lck.
Unlike previous studies with cells containing fixed genetic lesions, our methodology using rapid inhibition of ZAP-70 before TCR stimulation enabled us to also detect perturbation of basal signaling and to study ZAP-70-dependent feedback at play even in the absence of TCR ligation. Even in the basal state, we saw a marked decrease in the phosphorylation of Lck Tyr
192
, which suggests that a potential ZAP-70-dependent feedback mechanism involving this site occurs also in resting cells before TCR stimulation occurs.
SILAC experiments with ZAP-70 null cells suggested an asymmetry in the phosphorylation of N-and C-terminal tyrosine residues in each of the z-chain ITAMs (Fig. 5) . Our modeling reproduced this ITAM asymmetry by invoking a role for ordered phosphorylation of ITAM tyrosines (Fig. 5 , "ITAMs"). Several studies showed that Lck initially phosphorylates the N-terminal tyrosine of ITAMs and then later phosphorylates the C-terminal tyrosine (61, 69) ; however, the precise order of ITAM phosphorylation is still under investigation (60, 61, 63, 69) . In the computational part of our study that focused on Lck, we found three possible scenarios for ordered ITAM phosphorylation that were consistent with the SILAC data (Fig. 5 , "ITAMs"). In one scenario, Lck phosphorylates the C-terminal tyrosine faster than it phosphorylates the N-terminal tyrosine in the production of singly phosphorylated ITAMs, whereas in another scenario, Lck phosphorylates the C-terminal tyrosine faster in the production of singly and doubly phosphorylated ITAMs. The third possibility is that once Lck initially phosphorylates the N-terminal tyrosine in ITAMs, the rate of phosphorylation of the neighboring ITAM C-terminal tyrosine must be faster or equivalent to that of the initial tyrosine.
These scenarios describe the simplest kinase specificity model that could account for the observed asymmetry in the phosphorylation of ITAMs. However, one can speculate that the ordered dephosphorylation of ITAMs by tyrosine phosphatases or the asymmetric binding preference of single SH2 domain-or phosphotyrosine binding domain (PTB)-containing proteins for singly phosphorylated ITAM phosphorylation sites could also reproduce the observed asymmetry. Experimental tests of some of these possibilities would require evaluation of kinetic catalytic rate parameters of Lck for the N-and C-terminal tyrosines at the membrane, preferably in cells, which would be challenging. Moreover, in cells, other proteins could also affect the phosphorylation of these sites. Identifying ITAM phosphatases that might have preference for the N-terminal versus the C-terminal site and, as mentioned earlier, other proteins with SH2 domains that could bind to these sites, for example, the adaptor protein Shc (70) , is beyond the scope of the present study.
Alternatively, the results of our modeling showed that the asymmetry in ITAM tyrosine phosphorylation could also be reproduced if there is preferential binding of the SH2 domain of Lck to the singly phosphorylated N-terminal tyrosine in ITAMs and the subsequent processive phosphorylation of C-terminal tyrosines by Lck, similar to observations in B cells (71) . However, this assumption is discordant with the experimentally measured binding affinities of the Lck SH2 domain for singly phosphorylated ITAMs ( fig. S4 and table S4 ) (66) . One possibility to consider is that the kinetic parameters measured in solution do not reflect what happens at the membrane, where there could be increased Lck binding kinetics because of the reduced dimensionality (72, 73) and a higher effective local concentration of Lck (described in the Supplementary Materials). One other possible consideration is that clustered phosphorylated ITAMs may activate Lck by kinase dimerization, leading to the trans-phosphorylation of Lck (71) . A final possibility is that the binding of the Lck SH2 domain stabilizes the open, active conformation of Lck, leading to increased kinase activity and thus increased phosphorylation of ITAMs (71) . To evaluate these possibilities further, additional experimental testing of our models will be required.
Strict but dynamic control of the catalytic activities of both Lck and ZAP-70 in T cells is necessary to facilitate rapid, adequate responses to pathogens and transformed cells while at the same time providing sufficient dampening of perturbations to ensure self-tolerance. Reciprocal regulation of Lck and ZAP-70 may provide an additional line of control for the basal steady state, which is poised for activation by TCR agonists. Expression of hypomorphic mutant alleles of ZAP-70 can cause reactivity to self-ligands and autoimmune disease (74) (75) (76) (77) . Loss of proper negative regulation of proximal TCR signaling could contribute to such immunological disorders. Our results stress the role of ZAP-70 as a key regulator of T cell activation, and further clarification of the mechanism behind the negative feedback loops dependent on ZAP-70 should provide insights into the mechanisms controlling T cell function in the basal state, how thresholds for responsiveness are established, and how TCR-dependent signaling is calibrated.
MATERIALS AND METHODS
Cell culture, SILAC labeling, and T cell stimulation
The human T cell leukemic line Jurkat p116 stably expressing ZAP-70 AS was previously described (35) . SILAC labeling was performed as previously described (34) . Briefly, cells in logarithmic growth phase were washed twice and then maintained in RPMI-1640 without arginine and lysine (Pierce Biotechnology) containing either "light" N 2 lysine (Cambridge Isotope Laboratories), supplemented with 10% dialyzed fetal calf serum (Invitrogen) at 37°C and 5% CO 2 for seven doublings. The concentrations of lysine and arginine used for SILAC labeling were 0.22 and 0.38 mM, respectively. For stimulation, cells were harvested and reconstituted in phosphate-buffered saline at 1 × 10 8 cell/ml and were rested for 30 min at 37°C. Before stimulation, SILAC heavy-labeled cells were treated with 10 mM HXJ-42 (the ZAP-70 AS inhibitor) for 1.5 min (36), whereas SILAC light-labeled cells were treated with DMSO as a vehicle control for the same time. For TCR stimulation, for each time point, 1 × 10 8 cells were treated with OKT3 and OKT4 antibodies (2.5 mg/ml each; eBioscience), which are specific for CD3 and CD4, respectively, for 30 s at 37°C. Crosslinking antibody IgG (22 mg/ml; Jackson ImmunoResearch) was then added, and cells were incubated for 0, 2, 5, or 10 min. Stimulation was halted by incubation of the cells in lysis buffer [9 M urea, 1 mM sodium orthovanadate, 20 mM Hepes, 2.5 mM sodium pyrophosphate, and 1 mM b-glycerophosphate (pH 8.0)] for 20 min at 4°C. Lysates were then sonicated at a 30-Woutput with two bursts of 30 s each and then were cleared by centrifugation at 20,000g for 15 min at 4°C. Quantitative phosphoproteomic mass spectral analysis was performed using a modified phosphotyrosine peptide immunoprecipitation protocol (41) as described in detail in the Supplementary Materials.
Computational modeling
We constructed several theoretical models of upstream T cell signaling pathways and simulated them by solving the ordinary differential equations with the Matlab SimBiology software (78) . Our biochemical models (including kinases and phosphatases) are well mixed and use mass action kinetic laws to describe protein-protein interactions and enzymatic activities. The signaling model details and the parameters used in the simulations are noted in the Supplementary Materials. We also performed sensitivity analysis for the parameters for which no experimental information was available (see the Supplementary Materials). We conducted a few calculations incorporating stochastic effects and found that the mechanistic conclusions we reached from the deterministic analyses remained unchanged.
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